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Recent studies on bird flight propose that hotter wing surfaces reduce skin fric-
tion drag, thereby improving flight efficiency (lift-to-drag ratio). Darker wings
may in turn heat up faster under solar radiation than lighter wings. We used
three methods to test the impact of colour on wing surface temperature. First,
we modelled surface temperature based on reflectance measurements. Second,
we used thermal imaging on live ospreys (Pandion haliaetus) to examine surface
temperature changes with increasing solar irradiance. Third, we experimen-
tally heated differently coloured wings in a wind tunnel and measured wing
surface temperature at realistic flight speeds. Even under simulated flight
conditions, darker wings consistently became hotter than pale wings.
In white wings with black tips, the temperature differential produced convec-
tive currents towards the darker wing tips that could lead to an increase in
lift. Additionally, a temperature differential between wing-spanning warm
muscles and colder flight feathers could delay the flow separation above the
wing, increasing flight efficiency. Together, these results suggest that wing
coloration and muscle temperature both play important roles in modulating
wing surface temperature and therefore potentially flight efficiency.

1. Introduction

Birds have tremendous diversity in plumage coloration produced by either
selective absorption of light by pigments or coherent scattering of light by nano-
structured materials (structural colours) [1]. Most studies on feather coloration
focus on their potential functions in sexual or social signals [2] or in camouflage
[3]. However, colours also have significant thermal properties [4]. In general, dark
colours absorb more solar radiation than light colours, potentially leading to a
faster increase in surface temperature [5]. Both plumage properties such as feather
microstructure (e.g. density, number and placement of feathers on skin, fraction of
feather surface), micro-optical properties (e.g. absorptivity, reflectivity, transmis-
sivity) and coloration of plumage elements [6], as well as environmental factors
such as incoming solar radiation (varying with season, latitude and time of
day), ambient humidity and wind affect how the plumage surface warms. Even
slight changes in wind speed can strongly affect solar heat gain, and more so
of dark than light plumages [7]. Thus, it is critical to consider the effects of
wind in conjunction with solar effects when studying the thermal properties
of differently coloured feathers.

Overcoming drag and producing lift are the energetically costly mechanisms of
flight [8]. Drag is directed opposite to the flight direction and is opposed by thrust,
while lift is directed perpendicular to the flight direction and opposes the body
weight imposed by gravity (electronic supplementary material, figure S1). Birds
can use both active wing flapping to generate thrust or passive soaring to generate
lift [8], with the former obviously more costly than the latter. Every improvement
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Figure 1. (a) Colour and (b) thermal images of live osprey wings (from left to right): open dorsal wing, open ventral wing and closed wings. AV1 refers to the
coverts covering the muscular part of the wing; AV2 to the flight feathers. (Online version in colour.)

in flight efficiency, including adaptations in flight mode or wing
shape, as well as coloration, may help reduce drag force and
increase lift [9,10]. For instance, larger wings are known to
create more lift [11], while a well-streamlined body reduces
drag [12].

Darker wings could improve a bird’s flight efficiency under
highly intense solar radiation. The larger heat gain of a dark
dorsal wing would lead to a decrease in air density on top of
the wing, in turn reducing skin friction drag [10]. Likewise, a
warmer ventral wing would reduce drag on the wing bottom
but should heat less because it is not directly exposed to
solar radiation [13]. However, only a couple of studies have
addressed the impacts of wing coloration and surface tempera-
ture on birds’ flight [10,13,14]. Through theoretical calculations
of surface temperature for artificially painted black and white
flat plates, the authors concluded that the temperature differ-
ences between brightly and darkly coloured top wings in
albatrosses (Diomedeidae) resulted in differences of around
10°C [10] that under laminar conditions likely decreased skin
friction drag force by up to 7.8% during flight [14]. Large
birds flying between 6 and 18 ms™' occupy an intermediate
range of Reynolds numbers (which indicates whether fluid
flow over a surface is steady or turbulent) between 15000
and 500000 [8]. For flat plates, this range indicates laminar
conditions [15], while the flow regime of bird wings seems to
be more complex and might lie in an intermediate [8] or even
turbulent regime [16]. However, empirical tests of these results
under realistic conditions are needed.

Here, we address the hypothesis that coloration can affect
wing surface temperature. We used a combination of field
and laboratory tests using osprey (Pandion haliaetus), northern
gannet (Morus bassanus) and lesser black-backed gulls (Larus
fuscus) as study species. All three species are migratory. Ospreys
are cosmopolitan long-distance daytime [17] migrants moving
between Europe and sub-Saharan Africa and southeast Asia
[18] that have brown wings with a counter-shaded coloration
pattern (dark dorsum and light ventral surface). Adult gannets
have white wings on both sides with black wing tips, while
juveniles have dark grey feathers. Lesser black-backed gulls

have counter-shaded wings with light grey dorsal surfaces.
We predicted that darker dorsal wings would become hotter
than brighter wings and that these effects would be mitigated
by wind speed. We further predicted that dorsal surface temp-
erature is more strongly affected by solar radiation than the
ventral surface temperature, suggesting that the colour of the
dorsal wing plays a more predominant role in drag reduction
than colour and temperature of the ventral wing,.

2. Material and methods

We tested our hypothesis in three ways.

First, we used reflectance data to calculate the dorsal surface
temperature of differently coloured wings at varying solar irradi-
ance and wind speeds. We then used thermal imaging to measure
wing surface temperature on live ospreys. Finally, we experi-
mentally heated prepared wings of different colours in a wind
tunnel to measure the impact of colour, radiation and wind on
wing surface temperature.

2.1. Sample collection and preparation

We obtained feather samples from 11 live ospreys. To measure
plumage reflectance, we collected three coverts at a homogeneously
coloured part of both the dorsal and ventral wing (figure 1).
We further obtained 10 wings from differently coloured species
(electronic supplementary material, figure S2): four osprey wings
(dark brown) and two wings each of an adult northern gannet
(white wings with black tips), a juvenile northern gannet (dark
grey) and a lesser black-backed gull (light grey). We measured
reflectance within the UV-VIS-NIR range (300-2100 nm) using
a dual spectrophotometer and light source (AvaLight-DH-S
Deuterium-Halogen Light Source and AvaLight-HAL-(S)-
MINITungsten-Halogen Light Source) set-up (Avantes Inc.,
Broomfield, CO, USA) (for further details, see electronic sup-
plementary material). To prepare the wings for the wind tunnel
experiment, we removed the muscles and flesh from the wings
and opened them for drying. To simulate the internal heat
produced by the bird on the ventral wing side according to tempera-
tures measured in live birds, we inserted multiple ThermaCare heat
pads (each with a dimension of 2 cm x 1 cm) in the humerus and
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forearm region of the dried wing and fixed them with Micropore
tape beneath the skin. The heat pads have a constant temperature
of 40°C for 8 h and are thus well suited to simulate temperature
values and heat distribution on the ventral wing site of live birds
(electronic supplementary material, figure S3).

2.2. Surface temperature modelling

We calculated the dorsal wing surface temperature based on
reflectance measurements in live ospreys and in dried wings
following the approach of Hassanalian et al. [10]. To model sur-
face temperatures, we used the calculator from the LBNL Heat
Island Group (LBNL-SRI) [19] for horizontal and low-sloped
(less than 9.5°) opaque surfaces. We calculated the dorsal wing
surface temperature as the steady-state surface temperature (Ts)
for a surface exposed to the Sun with

axl:sxax(Tg—Tgky)+hcx(Ts—Ta),

where o is solar absorptance, I is solar irradiance, € is the thermal
emissivity, o is the Stefan-Boltzmann constant (5.670 x
108 Wm™2-K™), Tsiy is the sky temperature, /i is the convective
coefficient and T, is the air temperature [20]. Solar absorptance is 1
minus the mean reflectance measured in wings and feathers (elec-
tronic supplementary material, table S1). For solar irradiance, we
included values ranging from 0 to 1000 W m™. An intensity of
1000 W m™2 is comparable to the irradiance reaching the Earth’s
surface on a sunny day [21]. We set emissivity € at 0.95, which is
the standard value used for biological tissue [22]. We set air temp-
erature as the average air temperatures measured for live ospreys
(22°C) and as the average of each trial for the wind tunnel measure-
ments (minimum temperature: 15.6°C, average temperature: 24.8°C,
maximum temperature: 31.0°C). Under the open sky, thus for the
temperature measurements on live birds, the sky temperature can
be expressed as

0.25
TSky = ESky X Ta.

with &gy, as sky emissivity [23]. The emissivity of the sky can be
defined with the dew point temperature Ty, as follows [23]:

Esky = 0.742 + 0.0062 X Typ.

The dew point temperature can be expressed as

IRH + (1727 x Ta/(Ta + 27.9) oy

Ty = 237.
a = 23 X G T IRH — (17.27xTs [(To + 2373 "

where RH refers to the relative humidity, which was set as 0.7
(average humidity measured for live birds), thus Tgy, was 9.7°C
for live ospreys. For the wind tunnel experiment, Ts, was set
corresponding to the temperature of the tunnel walls. As an
approximation for the temperature of the tunnel walls, we set
Tsiy as air temperature T,. The convective coefficients are directly
correlated to wind speed. We set wind speeds according to flight
speeds (6, 12, 18 ms™" (table 1)). The corresponding convective
coefficients were 105, 32.9, 387, 4.8 Wm™-K™' [28]. This
model for steady-state surface temperature (Ts) assumes that the
conduction into the material is zero. For plumage (penguin
feathers) conduction is only 1.93 W m~ K [29].

2.3. Measurements on live birds

To assess the effect of incoming solar radiation on the surface temp-
erature of live birds, we took thermograms of 11 juvenile ospreys
housed at the Biosphere Reserve of Urdaibai (Biscay, Basque
Country, Spain) as part of a reintroduction project from a Scottish
population. Juvenile ospreys were brown and varied only slightly
in brightness (electronic supplementary material, figure S4). The cli-
mate in the reserve is Atlantic, with mean annual temperatures of
14.5°C, and an average yearly precipitation of ca 1700 mm. Five to

Table 1. Morphometric data (Pennycuick [24], Shamoun-Baranes & van Loon [25]) and recorded flight speeds of ospreys, gannets and lesser black-backed gulls as mean values or ranges.
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Figure 2. Set-up for the heating experiment on differently coloured wings in the wind tunnel: (a) frontal view, (b) side view (scheme) and (c) top view of wing.
Wings were exposed to radiation intensities of 0, 500 and 1000 W m~ and wind speeds of 6, 12 and 18 m s~ to measure how feather coloration affects surface
temperature during flight. Surface temperature was measured with a thermal camera installed above the wings. (Online version in colour.)

six weeks after the ospreys hatched (11 July 2017) they were trans-
ported to Urdaibai and kept in a hacking tower until fledging. At
an age of seven to nine weeks, all ospreys were able to fly and in
early September they started their migration to Senegal (confirmed
by GPS data). We measured and weighed the birds immediately
after their arrival and 2 days before being released (departure
dates: 19, 25 July, 7 August). We measured plumage surface temp-
erature using thermal imaging. We used a Testo 875 Thermal
Imager (160 x 120 pixel array sensitive to 8-14 pm, accuracy
+2°C/+2%) with the emissivity & set at 0.95 [22]. Images were
stored as .bmt files and processed with IRSoft (Testo SE & Co.
KGaA, Lenzkirch, Germany).

We took thermograms under two different circumstances:
first, with the bird in hand, and, second, with the birds freestand-
ing in the hacking tower. While holding the bird we took four
thermal images per individual at night and thus without any
incoming solar radiation. Photos were taken with first closed
and then open dorsal and ventral wings at 1.1 m distance. As a
reference, we included a black-painted wooden plate (¢ =0.95)
with an attached thermocouple (Tinytag Talk 2) in each picture.
We measured temperature and humidity with a thermo-
hygrometer (ETT Hygro-Thermo Pocket-Sized Hygrometer) and
wind speed with an anemometer (HoldPeak HP-846A).

The ospreys were placed in four cabins (1.45 x 1.90 m) in the
hacking tower (electronic supplementary material, figure S5).
Those cabins were covered above, partially covered towards
north and south and open at the west side. Thus, birds were
partly exposed to wind and solar radiation. We took the thermo-
grams through a hole 20 cm above the ground level of the
hacking tower. Camera-to-bird distance ranged from 0.3 to 1.7 m
and depended on where the ospreys moved within their cabin.
At 1.1 m distance, we placed the same temperature reference as
mentioned before. Apart from temperature, humidity and wind
speed measurements, we further assessed the incoming solar irra-
diance in W m™2 with a pyranometer (Dr Meter® SM206 Digital
Solar BTU Power Meter). For each thermogram we measured the
irradiance beneath the hacking tower, pointing the pyranometer
horizontally to the west, namely the open side of the hacking (elec-
tronic supplementary material, figure S5). We further recorded the
wind speed for each thermogram at the same location (electronic
supplementary material, figure S5).

A total of 2225 thermograms were taken at air temperatures
ranging from 16.5°C to 32.3°C, irradiance of up to 870 W m™>
and maximum wind speeds of 2.9 m s™'. Sample size varied for
each individual (electronic supplementary material, table S2) and
depended on how often the birds moved in front of the camera.
In total, we obtained 4021 average temperature values for different
body parts and positions (closed versus open, dorsal versus ven-
tral wings, muscular wing part versus flight feathers (figure 1;
electronic supplementary material, table S2). No pictures were
taken at wind speeds exceeding 3 ms™' coming from the open

side of the tower [30] or high precipitation [31], to avoid the loss
of accuracy in the temperature measurements.

2.4. Measurements on wings

To test the impact of mean brightness on wing surface temperature,
we exposed 10 prepared wings (four osprey wings, four gannet
wings (juvenile + adult) and two wings from a lesser black-
backed gull; see electronic supplementary material, figure S2) to a
radiation source of 1000 W m™ for 10 min. Mean brightness was
measured with spectrophotometry (see Sample collection and
preparation). Wing surface temperature was assessed with an
FLIR T530 Thermal Imager (FLIR Systems Inc., Oregon, USA).
We took three repeated measurements per wing.

To simulate flight and measure the impact of wind on wing
surface temperature, we performed the heating experiment in the
wind tunnel at the International Centre for Eremology (L.C.E.),
Ghent University, Ghent, Belgium. The wind tunnel is a closed-cir-
cuit low-speed blowing-type tunnel with an axial fan, 1.5m in
diameter. The dimensions of the test section are 12 m length and
1.2 m width, while the adjustable roof height was set at 1.8 m for
the experiment. Boundary layer thickness was adjusted as well
to ensure a constant wind velocity within 0.5-0.9 m height, and
that the flow was parallel to the tunnel wall. Turbulence intensity
is unknown since the instrumentation to measure wind-velocity
fluctuations at a very high measuring frequency is not available
at I.C.E. However, based on Gabriels et al. [32] the anemometers
give reliable results. For flight simulation, each wing was attached
to a pole at the end of the humerus and placed horizontally (angle
of attack approx. 0°) in the wind tunnel 75 cm above the ground
(figure 2). We measured the wind speed with pitot tubes (Testo
0638.1545, accuracy =10 Pa; Testo SE & Co. KGaA, Lenzkirch,
Germany) at the entrance of the wind tunnel. Reynolds numbers
of osprey, gannet and gull wings ranged from 118 300 to 253 700
at sea level (table 1). To simulate flight, we chose wind speeds of
6,12 and 18 m s™', which are similar to flight speeds recorded in
all our study species (table 1).

We heated the wing with five infrared light bulbs that produce
radiation similar to that reaching the Earth’s surface (Phillips IR
250 W; electronic supplementary material, figure S6), installed
50 cm above the wing. For each trial, we heated the wing for
2 min and then started the wind for another 2 min. Solar irradiance
was set according to values that reach the Earth’s surface (500
and 1000 Wm™) [21]; see electronic supplementary material,
figure S7). As a reference, we measured wing surface temperature
without radiation at all wind speeds. Trials were performed three
times per wing. Once exposed to wind, wing surface temperature
would quickly decline and stabilize (electronic supplementary
material, figure S8). For statistical analyses, we averaged the stabil-
ized values (all values for irradiance =0 W m™%; greater than 140 s
for irradiance greater than 0 W m™).
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Dorsal wing surface temperature was assessed with a High
Sensitivity MWIR Performance Camera (FLIR X6520sc; FLIR Sys-
tems Inc., Oregon, USA) installed 80 cm above the wing (figure 2).
The camera produces 640 x 512 full-frame imagery at speeds up to
146 Hz, with integration times as short as 80 ns for accurate
measurement of high-speed processes, such as during the appli-
cation of wind. Thermal videos were analysed with ResearchIR
(FLIR Systems Inc.). We measured the surface temperature of ven-
tral flight feathers with a thermocouple (Tinytag Talk 2) attached to
the ventral wing and covered by one feather. We assessed the ven-
tral surface temperature of the imitated muscles with thermal
imaging on an osprey wing placed upside down in the wind
tunnel three times per wind speed (1 =9).

To explore how a black-and-white gannet wing heats up in
comparison with a unicoloured wing, we visualized air movements
above the heated wings in the thermal videos. To do so, we applied
the filter ‘sliding subtraction” in Research IR. This filter subtracts the
previous frames from the current frame and thus visualizes heat

differentials and air movements. To examine whether a separation
of the boundary layer above the wing takes place [12], we visualized
the wind flow with fine powder for all wings.

2.5. Statistical analysis

To explore the relationship between wing surface temperature,
wing coloration and environmental variables in live birds, we
used an all-subsets approach to fit a set of linear models with
wing surface temperature as a response variable. We first examined
possible predictor variables for evidence of multi-collinearity and
found that several variables were highly correlated (electronic sup-
plementary material, table S3). Therefore, in building the sets of
candidate models, we avoided using correlated terms in the same
models. In total, we evaluated 47 models (see electronic sup-
plementary material, table S4 for a full list of candidate models)
with different combinations of the following predictor variables:
radiation, air temperature, wind speed, camera distance, departure
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Table 2. Top three general linear models for osprey wing surface temperature measured in live birds (n = sample size). Bold indicates the best model in each [}

category.
model K rank AAICc weight
cIosed dorsal Wrng (muscular) (n = 1795)

” radratron+a|r temperaturexwrnd speed+camera drstance+mean brrghtness‘ - “9. - 1 - ”0. . 094 o
radratron +air temperaturexwrnd speed + camera drstance 8 2 6.76 0.03
*radiation X air temperaturexwrnd speed+camera drstance+mean brrghtness‘ 13160 0

” cIosed dorsaI wing (ﬂrght feathers) (n—1458) ' S .

R temperature+wrnd speed+camera P brrghtness‘ g >1082‘ L

" radiation + air temperature X wind speed + camera distance + mean brightness 9 2 s, 007 -

radrat|0n+a|rtemperature+wrnd speed+cameradrstance T
open dorsal wing (muscular) (n = 263)

R temperature+wrnd speed+camera P brrghtness‘ S
radratron + air temperature +wrnd speed + camera drstance 7 P 429 0.10
radratron+a|r temperaturexwrnd speed+camera drstance+mean brrghtness. - 9 . 3 . 506 - 007 o

open dorsal wrng (ﬂrght feathers) (n = 257) '

” radratron+a|r temperature+wrnd speed+camera drstance+mean brrghtness” - “8. - 1 - ”0. S 052 o
radratron + air temperature X wrnd speed + camera drstance + mean brrghtness 9 2 137 0.26
radratron+a|r temperature+wrnd speed+camera drstance e 009 .

B oen ventral wing (muscul) (1= 141 o e B e R .

o temperature+mean ightnes S 079 L
arr temperature - 4 v 2 ”4.05 v v 011

. radratron+a|r temperature+wrnd speed+camera drstance+mean brrghtness - 8 . 3 . 495 - 007 o

open ventral wing (flight feathers) (n = 107)

} arrtemperature+meanbrrghtness ST ..0. ey
arr temperature ' ' 4 '2 ' 252 022
radratron+a|r terrrperature+mean brrghtness S T

weight and mean brightness. We ranked the models based on
Akaike’s information criterion corrected for small sample size
(AICc) [33]. We calculated the evidence ratio [33] as a measure
of relative fit of models that included both environmental varia-
bles and wing coloration versus those that included only
environmental variables. We obtained the estimates and 95%
confidence intervals of each variable included in the best
model to evaluate which of the variables has a significant effect
on surface temperature. We found an effect of camera distance
on temperature measurements in live ospreys that can be
explained with the atmosphere’s self-radiation [34]. However,
temperature differences are marginal and can be neglected (see
electronic supplementary material). To compare dorsal with ven-
tral wing surface temperature and reference with thermal camera
measurements, we applied a paired f-test.

For dried wings, we tested the impact of mean brightness on
maximum wing surface temperature for the 10min heating
curves in a generalized linear model (GLM). To explore the
impact of wind on wing surface temperature, we used an all-
subsets approach as described above and included the following
variables: feather absorbance, radiation, air temperature and
wind speed. In total, we evaluated 24 models (electronic sup-
plementary material, table S4). We compared dorsal with ventral
wing surface temperature in a paired t-test. We further applied
paired t-tests to compare surface temperature measurements of
live birds and dried wings with the values predicted from our
model. For all experiments using different thermal cameras, we
calculated the repeatability according to Lessells & Boag [35] (see
electronic supplementary material). We ran all our statistical

analysis in R [36] using the following packages: dplyr [37], Ime4
[38] and pavo [39]. For data visualization, we used ggplot2 [40].

3. Results

3.1. Surface temperature modelling

As predicted, our models estimated greater heating effects for
darker, less reflective wings than for brighter dorsal wings
with increasing solar radiation (figure 3); however, the differ-
ences in surface temperature seem to be most predominant
between white (gannet) wings and the darker wings of the
other species. In addition, wing surface temperature increases
with solar radiation and is strongly affected by wind, while
the effect of speed itself seems to be marginal (figure 3).

3.2. Measurements on live birds

Surface temperature differed between wing parts in live
ospreys. For instance, coverts above the muscular part of the
wing were 2.3°C warmer than flight feathers (t=36.38, p <
0.001). However, we found strong evidence that dorsal wing
surface temperature is affected by wing coloration (figure 4)
and wind. For all dorsal wing parts and positions in live
ospreys, the surface temperature increased with solar radiation
and air temperature and decreased with wind, camera distance
and dorsal mean brightness (tables 2 and 3). With AAICc
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Table 3. Estimates of predictor variables in candidate models to explain osprey wing surface temperature.

estimate

dlosed dorsal wing (muscular)

|ntercept R 554.. R
radratron 001

air temperature 1 05

wrnd v —0 23 v

- (amera ) distance ) 49
mean brrghtness
departure werght 0. 00

cIosed dorsal Wrng (ﬂrght feathers)‘ }

lntercept e 289 SR
radratron 001

air temperature 1 13

- Wmd 004.,.“' (TR

(amera drstance —0 28
‘mean brrghtness

open dorsal wing (muscular)

|ntercept v - 1.76 v

B radratron ‘ 0.01

arr temperature 0.94

wrnd —0.41
 camera drstance .
mmean brrghtness e
~open dorsal wing (flight feathers) -

mter(_ept [T 5 17,. TSRO

a radiation 001 R

air temperature o 1.03
R o o e
. 'camera G

mean brrghtness

open ventraI wrng (muscular)

|ntercept o 17.65 - -

arr temperature » 0.76
‘mean brrghtness
open ventral wing (ﬂrght feathers)

|ntercept ' . 4.36 '

arr temperature 1.09
‘mean brrghtness

greater than 2 [33], there was much less support for any other
model to explain dorsal wing surface temperature. Ventral
wing surface temperature of live ospreys increased with air
temperature and decreased with mean brightness of the ventral
side (tables 2 and 3).

Dorsal feather surfaces in live ospreys were significantly (p <
0.001) warmer than predicted for all body parts and wing pos-
itions (table 4 and figure 5). While surface temperatures of
flight feathers exceeded the predicted values by 4.9°C, the
muscular part was about 7.3°C warmer than expected (table 4).
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Dorsal wing surface temperatures of live ospreys differed
significantly from ventral wing surface temperatures for mus-
cles (t=—-6.98, p <0.001), but not for flight feathers (t=-1.78,
p =0.095). Under low radiation intensities, ventral wings were
up to 3.5°C warmer than dorsal wings (electronic supplemen-
tary material, figure S9). Only for irradiance above 629 W m™2
did the muscular part of dorsal wings heat up more than the
ventral wing parts (corresponding surface temperature =
40.3°C). For flight feathers though, the irradiance threshold

was 175 W m™2 (corresponding surface temperature = 28.7°C).
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Figure 5. Increase in dorsal wing surface temperature with solar irradiance measured in live birds in different body parts and wing positions: muscular part of open
dorsal wing (ODM), flight feathers of open dorsal wing (ODF), muscular part of closed dorsal wing (CDM) and flight feathers of closed dorsal wing (CDF). Different
coloured dots represent individuals (labelled by ring number: U12-U23), while the lines represent the measured versus the expected values according to our models
of surface temperature. (Online version in colour.)

Table 4. Comparison between measured and predicted wing surface temperatures in live ospreys in relation to solar irradiance (y = 0.028x + 18 for an average
air temperature of 22°C) for all body parts and positions: ODM = open dorsal wing (muscular part), ODF = open dorsal wing (flight feathers), (DM = closed

dorsal wing (muscular part), (DF = closed dorsal wing (flight feathers). Average air temperature was 22.1 + 0.07°C.

regression t-value
0DM y=10.024 x + 25.550 39.31
ODF y=0.035x+ 22.476
(DM y=10.021x + 26.000 85.54
(DF y=0.022x+ 23380

Reference temperatures assessed with the Testo 875
Thermal Imager were 1.6°C warmer than the measurements
with thermocouples (t =75.64, p <0.001). However, the mean
of the differences lies within the error range of the thermal
camera (accuracy: +2°C).

3.3. Measurements on wings
When we included the imitation muscles in the dried bird
wings, we found temperature differentials between dorsal
muscles and flight feathers similar to those in live birds. At
all wind speeds and in the absence of radiation, coverts
above the muscular part of the wing were 0.2°C warmer
than flight feathers (t=8.78, p<0.001); at 500 W m™> they
were 1.3°C warmer (f=9.65, p<0.001) and at 1000 W m™2
they were 2.0°C warmer (t =10.27, p <0.001).

In the absence of wind, darker feathers warmed signifi-
cantly more than brighter ones when exposed to radiation
(figure 6). With a maximum temperature of 70.7°C black

29.69

50.89

df. p-value mean difference
262 <0.001 7.2

256 <0.001 49

1794 <0.001 14

1457

<0.001 49

feathers became up to 31.0°C hotter than white feathers
(figure 6). We found a significant negative correlation between
maximum wing surface temperature and mean brightness for
both flight feathers (r=0.91, p <0.001) and imitation muscles
(r=0.72, p=0.005) of dried wings. Even in the presence of
wind, darker wings were warmer than brighter wings
(figure 7). With a maximum temperature of 38.8°C black feath-
ers became up to 8.9°C hotter than white feathers at wind
speeds of 6 m s™" (figure 7). Dorsal wing surface temperature
decreased with wind speed but increased with radiation, air
temperature and the interaction of radiation and absorbance
(tables 5 and 6). Absorbance alone did not affect surface
temperature (table 6). Ventral surface temperature above the
imitation muscles was best explained by air temperature
alone, while ventral flight feathers were warmer at higher air
temperature and radiation (tables 5 and 6).

Dorsal surface temperature of flight feathers (t=-3.2,
p <0.01) was lower than predicted, but the mean temperature
difference between measurements and predictions was only
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Figure 6. (a) Wing surface temperature of flight feathers during a 10 min heating process without wind. Heating curves are shown for the differently coloured
wings exposed to an irradiance of 1000 W m™? (graphic of left wings only). We show the mean values of three trials per wing and the standard deviation as the
shaded area. (b) Thermal image of an adult gannet wing with brighter (yellow) colours representing hotter regions and darker (purple) colours denoting colder
areas. (Online version in colour.)
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Figure 7. Mean wing surface temperature of differently coloured dorsal wings (flight feathers) at an irradiance of 0, 500 and 1000 W m~2 and at wind speeds of 6,
12 and 18 m s™". Average air temperature for the wind tunnel experiments was 24.8 + 2.5°C. Blue squares show the predicted (modelled) mean temperatures.
(Online version in colour.)

0.3°C, which lies within the error limits. However, the model to temperature above the muscles was 1.1°C hotter than predicted
estimate surface temperatures tended to underestimate (t=6.5, p<0.001).
the heating of white (gannet) feathers, while it would overesti- Dorsal surfaces of dried wings were significantly warmer

mate the temperatures of darker feathers (figure 7). Surface than ventral wings at an irradiance of 500 and 1000 W m™? for
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Table 5. Top three general linear models to explain wing surface temperature in dorsal and ventral wings measured in the wind tunnel (n = sample size). Bold [}
indicates the best model in each category.

model K rank AAICc T

dorsal wmg (muscular) (n 368)

. temperature+wmd speed+rad|at|on><absorbance' S
"alrtemperaturexwmd speed + radiation X absorbance - ”9v - 2 794, - ”002' '
o temperature+wmd speed+rad|at|on+absorbance‘ e 2799.............,.. e

dorsal wing (ﬂlght feathers) (n—368) D S

ar temperature+wmd speed g 099. L
o i temperaturexwmd speed+rad|at|on><absorbance' S
o temperature+wmd speed+rad|at|on+absorbance" e .....1469.. ....000 i

ventralwmg(muscular)(n 9) e B S

a" empeaut P
o i temperature%wmd speed S D
o speed S ..1502. e
. ventralwmg(ﬂ|ghtfeathers)(n 368) T S
. a|r temperature+rad|at|on S
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a air temperaturexwmd speed +rad|at|on 7 2 440, - ”010 -
a|r temperature + wmd speed + radlatlon 6 3 6 13 0 04

Table 6. Estimates of predictor variables in candidate models to explain wing surface temperature in the wind tunnel.

estimate s.d. t-value 95% (I

dorsal wing (muscular)

} mtercept S 082941 L
air temperature 0.9 0.05 18.24 088 110

. wmdspeed S —036 o
radiation 0.01 0.00 516 000 001

o —823 oo
radiation x absorbance 0.01 0.00 6.56 0.01, 0.02
dorsalwmg(ﬂ|ghtfeathers)m T TR
|ntercept 3.90 1.70 229 0.65, 7.15

. a|rtemperature B 089105
wind speed v —0.19 0.02 —9.16 —0.23, —0.15

s 000001
absorbance —0.81 2.88 —0.28 —637, 473

L L 001 o
ventral wing (muscular)

§ mtercept Y —3811180
alr temperature 0.94 0.16 5.79 0.62, 1.25

. ventralwmg(ﬂ|ghtfeathers) e e
intercept 2.28 0.59 3.85 1.12, 3.44

B 'é'ir“terheera'tﬁ're .............................. v S s 089 o
radiation 0.00 0.00 19.74 0.00, 0.00

all wind speeds (table 7; electronic supplementary material, The significant temperature differential between black and
figure S10). In the absence of radiation, ventral muscles were white feathers in the gannet wing resulted in an increased
warmer than dorsal muscles, while temperature differences in airflow above the wing with convective currents flowing span-
dorsal and ventral flight feathers were marginal (table 7). wise (i.e. from wing-root to wingtip) from brighter to darker
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Figure 8. Air movement above gannet wing made visible with the filter ‘sliding subtraction’ (see electronic supplementary material, video). (Online version in

colour.)

Table 7. Comparison between dorsal (DT) and ventral (VT) wing surface temperature for both muscles and flight feathers. Dorsal surface temperatures were assessed
with thermography, ventral musde temperature with thermography on a wing turned upside down in the wind tunnel and ventral flight feather temperature with a
thermocouple attached to the feathers. Values shown are means (s.e.) measured at different wind speeds (m s™" and irradiance (W m™2). For warmer dorsal than

ventral wings, values are shaded in red; for warmer ventral than dorsal wings, values are shaded in blue (minimum difference 0.5°C). (Online version in colour.)

Wibnd S.pee.d.. TSRO 6 RS

ﬂ|ghtfeather5 USSR

ind e e

muscles

irradiance

VT =27.6 (0.6)
t=—474

DT =235 (0.5)

VT =26.2 (0.0)
t=—5.64

]
DT =276 (0. 4

VT =282 (0.5)
t=-1.80

VT =248 (0.5)
t=0.24
p=03816

VT =236 (0.5)
t=-3.63

DT =275 (0.4

VT =282 (0.3)
t=—448

p<owr

VT =27.6 (0.6)
t=11.58

DT =307 (0.4)

VT =26.2 (0.0)
t=10.21

DT =317 (0.3)

VT =282 (0.5)
t=10.09

ptort

DT=309 (05)

VT =258 (0.4)
t=14.67

p < 0.001
DT =294 (0.5)

VT =258 (0.4)
t=997

DT =312 (0.4

VT =282 (0.3)
t=7.88

ool

 p<0001

~ p<oon

DT=369 (07)

VT =27.6 (0.6)
t=12.86

p<0ol
DT =33.9 (0.5)

VT =26.2 (0.0)
t=14.23

p<0ol
DT =346 (0.4)

VT =282 (0.5)
t=17.97

poor

DT =341 (0.5)
VT =270 (04)
t=1294

DT=320(04)

VT =26.1 (0.3)
t=10.63

DT =336 (03)

VT =289 (0.2)
t=13.59

p<ooor

feathers (figure 8). As visualized with the thermal camera, this
increased airflow indicates a higher mass flux above the wing,.
We found indications, such as feather fluttering, that boundary
layer separation occurs above the dried wings (figure 9).

4. Discussion

We have clearly demonstrated, for the first time of which we
are aware, that colours affect heating of bird wings under

realistic flight conditions. We identified three main factors
that affect wing surface temperature in a flying bird: most
prominently, heating of darker dorsal wings under solar radi-
ation, followed by the warmth of the ventral wing and of
muscles and flight feathers.

4.1. Heating of darker dorsal wings
Darker dorsal wings were significantly warmer than brighter
wings when exposed to solar radiation. This effect is
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Figure 9. Visualization of the wind flow over an osprey wing (see electronic
supplementary material, slow motion video). (Online version in colour.)

diminished, but not eliminated, by wind. Measured surface
temperatures of flight feathers of dried wings were only mar-
ginally lower than predicted from our models, which shows
that the model accurately estimates wing surface temperature
during bird flight. Yet, the model tended to underestimate
the heating of bright feathers, while it would overestimate
the temperatures of dark feathers, indicating that wind has a
stronger effect on dark than light plumages [7]. Interestingly,
we found the effect of speed to be marginal, indicating
that, once convection applies, the temperature differential in
flight remains constant for all flight speeds. Darker wings
heat up more than brighter wings when exposed to the same
intensity of solar irradiance, even during flight. In the absence
of solar radiation, however, colour does not affect wing surface
temperature. The higher wing surface temperature of darker
dorsal wings under high solar radiation could lead to a
larger reduction in skin friction drag [10].

Temperature differentials were apparent even in the same
side of the same wing, as demonstrated in the white gannet
wing with black tips. Many birds, such as storks, cranes, peli-
cans and many gull species, are known for their mostly bright
wing coverts and dark wing tips. The dark, highly melanized
wing tips may protect the feathers from abrasion [41]. Apart
from feather protection, we suggest that the temperature
differential of a contrasting wing colour could also lead to
greater spanwise mass flux above the wing, leading to an
increase in dynamic pressure and thus to an increase in lift.
Our dried wings with an angle of attack of 0° were not
likely to produce any lift [42]. Future research will investigate
the changes in flow patterns as a function of heating while the
wings are at positive angles of attack relative to incurrent air.

4.2. Warmth of the ventral wing

In the absence of solar radiation, ventral osprey wings were
warmer than dorsal wings. This pattern may be reinforced
by ospreys’ habit of mostly sitting with closed wings in the
hacking tower. However, we found similar results for simu-
lated muscle temperatures in dried wings used in the wind
tunnel. Less-insulating feathers on the ventral site lead to
higher surface temperatures that persist even during flight
and may prevent overheating of the bird [43]. However,
any increase in wing surface temperature on both the
dorsal and ventral side could lead to a reduction in skin fric-
tion drag [13]. Therefore, not only ventral wing muscles but
also the differential heating of ventral flight feathers with
increasing solar radiation (indicating a rapid heat transfer

through the feathers by conduction and convection [6]) [ 12 |

could contribute to drag reduction during flight.

4.3. Warmth of muscles and flight feathers
Measurements in live birds were substantially larger than pre-
dicted, probably because of the absence of metabolic heat in the
model. Surface temperatures above the muscular part were
higher than those of flight feathers in both the dorsal and ven-
tral wings of live birds. Even under high wind speeds, the
imitation muscles (which maintained realistic temperatures)
remained warmer than flight feathers and temperatures
above the muscles were larger than predicted, indicating that
the effect of body temperature on wing surface temperature
is maintained during flight. This temperature gradient within
the wing could influence the boundary layer. Heating the lead-
ing edge of an aerofoil delays transition, which means that flow
separation occurs later above the wing, making flight more
efficient by improving the lift-to-drag ratio [44,45]. We predict
that the temperature differential between muscles and flight
feathers could lead to the same effect. However, we still
found evidence of boundary layer separation, such as feather
fluttering, above the wing. This flow separation seems to
occur in all wind tunnel measurements on prepared birds or
parts of those for reasons not yet understood [46], but will be
addressed in the future.

5. Conclusion

We found that wing surface temperature is affected by both
muscle temperature and feather reflectance under exposure
to solar radiation. While muscle temperature leads to a temp-
erature gradient within the dorsal wing and increases the
surface temperature of the ventral side, the heating of a
darker dorsal wing exposed to solar radiation has a much
stronger effect on wing surface temperature and could thus
play a predominant role in drag reduction during flight.
Future studies should directly explore to what extent wing
coloration affects lift and drag when exposed to solar
radiation.
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